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Origin of hadron mass 4

Hadron ~GeV/c2

u u
d<<u u

d

Current quark ~ MeV/c2 Contribution of Higgs is a few %

Spontaneous breaking 
of chiral symmetry

Origin of hadron mass 5
Hadron ~GeV/c2

u u
d<<u u

d

Current quark ~ MeV/c2 Contribution of Higgs mechanism 
is a few percent

Spontaneous breaking 
of chiral symmetry

Many theoretical calculations …

T. Hatsuda and S. H. Lee, 
Phys. Rev. C 46, R34 
(1992)

Vector meson mass and quark condensate 
are linked by theoretical calculation 
(QCD sum rule).

<qq>

nuclear density

Chiral symmetry breaking is suggested 
to be restored at nuclear density.

Chiral symmetry breaking is suggested 
to be restored at finite density
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of observables has great significance. We have calculated the likelihood 
of Bπ and Γπ as a function of b1 and ImB0, taking into account the  
statistical and systematic errors and their correlations, which largely 
improved the precision of the deduction. The deduced values are 
b

1

= (−0.1163 ± 0.0056)m

−1

π

 and ImB

0

= (0.0473 ± 0.0013)m

−4

π

. The 
best-fit b0 and ReB0 are −0.0225m−1

π

 and −0.0220m−4

π

, respectively. 
The fitting χ2/n.d.f. is 1.7/6.

In-medium chiral condensate
We have deduced the π −–nucleus isovector parameter 
b

1

=

(

− 0.1163 ±0.0056

)

m

−1

π

 with unprecedented precision and accu-
racy. To compare the deduced b1 value with the preceding result in  
ref. 19 in a consistent way, we applied the revised methods tabulated in 
Table 2 to the preceding result and obtained b

1

= (−0.136 ± 0.007)m

−1

π

, 
which exhibits a discrepancy of ~2σ from the present result. The above 
deduced b1 is enhanced by 34 ± 7% compared to the isovector strength 
in the vacuum of b

1

= (−0.0866 ± 0.0010)m

−1

π

 deduced from the 
high-precision X-ray spectroscopy of the pionic hydrogen and deute-
rium45. This enhancement agrees with the calculated values of ~30% in 
chiral perturbation theory46.

Next we discuss the deduction of ⟨ ̄qq⟩ in the nuclear medium by 
analysis of the pion–nucleus interaction and its enhancement due to 
wavefunction renormalization. The enhancement of |b1| is due to the 
partial restoration of chiral symmetry in the nuclear medium. The value 
of b

1

= (−0.1163 ± 0.0056)m

−1

π

 that we have achieved is directly trans-
lated to ⟨ ̄qq⟩ at the effective density ρe by equation (1), so we obtain 
⟨

̄

qq⟩(ρ

e

)/⟨

̄

qq⟩(0) = 77 ± 2%.
Figure 3 shows the currently deduced ⟨ ̄qq⟩(ρ

e

)/⟨

̄

qq⟩(0) of 77 ± 2% 
as a filled red circle with error bars. The ordinate is the ratio of ⟨ ̄qq⟩(ρ) 
in the medium to ⟨ ̄qq⟩(0) in the vacuum, and the abscissa is density ρ. 
The red shaded region shows the extrapolation of the present data by 

assuming a linear density dependence of ⟨ ̄qq⟩(ρ). We obtain 
⟨

̄

qq⟩(ρ

c

)/⟨

̄

qq⟩ (0) = 60 ± 3% at the normal nuclear density. For compari-
son, the theoretical results of refs. 11, 14 and 47 are presented (labelled 
‘Jido’, ‘Friedman’ and ‘Hübsch’, respectively). The present ⟨ ̄qq⟩ ratio of 
60 ± 3% at ρc agrees with the calculations of 57% in ref. 11 and 55 ± 5% in 
ref. 14 and slightly deviates from the recent estimate of 65.7% in ref. 47. 
The grey curve with the label ‘Kaiser’ is a theoretical calculation taken 
from fig. 5 of ref. 48 for the case of mπ = 135 MeV, the blue curve ‘Goda’ 
from fig. 7 of ref. 49, and the green curve ‘Lacour’ from fig. 8 (right) of 
ref. 50. The present value agrees with the theoretical curves of refs. 48 
and 50 and slightly deviates from the curve of ref. 49.

For further advanced studies we are preparing systematic 
measurements of pionic atoms to deduce the density dependence 
of the chiral condensate. At present, we assume a linear density 
dependence, as depicted in Fig. 3. It is known that the nuclear den-
sities probed by pionic atoms depend on the pionic levels and the 
nuclei51. High-precision systematic spectroscopy will shed light on the 
low-energy high-matter-density sector of the QCD.
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Table 1 | Deduced Bπ and Γπ of the pionic 121Sn atom

Value (keV) Statistical Systematic

Bπ(1s) 3,830 ±3 +78 − 76

Bπ(2p) 2,265 ±3 +84 − 83

Bπ(1s) − Bπ(2p) 1,565 ±4 ±11

Γπ(1s) 314 ±11 +43 − 40

Γπ(2p) 120 ±12 +49 − 28

Γπ(1s) − Γπ(2p) 194 ±16 +31 − 42
The binding energies Bπ and widths Γπ of the 1s and 2p states are tabulated. Differences in the 
1s and 2p values are also shown. ‘Statistical’ denotes the statistical errors (σ) and ‘Systematic’ 
the systematic errors.

Table 2 | Magnitude of the effects on b1 and ImB0 parameters 
by the methods

ξ ρn(r) Abs. C.S. Res.
b

1

[m

−1

π

]

b

1

[m

−1

π

]

b

1

[m

−1

π

]

ImB

B

B

0

0

0

[m

m

m

−

−

−4

4

4

π

π

π

]

0 2pF ρ2 Neff − −0.0952 0.0469

1 2pF ρ2 Neff − −0.0945 0.0472

1 Osaka ρ2 Neff − −0.1096 0.0472

1 Osaka pp + 2np Neff − −0.1116 0.0473

1 Osaka pp + 2np Green − −0.1148 0.0473

1 Osaka pp + 2np Green ✓ −0.1163 0.0473

The best-fit values of b1 and ImB0 are displayed in the right two columns on applying the 
methods listed in the left columns. ξ denotes the Lorentz–Lorenz factor of the short-range 
nucleon correlation23, 2pF the neutron density of the two-parameter Fermi model in ref. 40 
and Osaka the neutron density distribution determined in ref. 41. Abs. is the imaginary-term 
formulation in the Ericson–Ericson potential, either with ρ2 for the ImB0ρ2(r) form or with 
pp + 2np for the (4/3)ImB

0

(ρ

2

p

(r) + 2ρ

n

(r)ρ

p

(r)) form. C.S. is the adopted numerical method 
to analyse the formation cross-section using Green’s function method (Green)37 or by an 
effective number approach (Neff)44. Res. is the residual interaction of the neutron–hole state43.
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Fig. 3 | Deduced in-medium ⟨ ̄qqqqqq⟩(ρρρ) normalized to ⟨ ̄qqqqqq⟩(000) in vacuum. The 
abscissa is the density and the ordinate the ratio of ⟨ ̄

qq⟩(ρ) in the medium to 
⟨

̄

qq⟩(0) in vacuum. The result of the present experiment is shown by the filled red 
circle with error bars (σ). The red shaded region with white line shows the linear 
extrapolation of the present data with errors. Theoretical results are presented 
for Hübsch47, Friedman14 with error bars (σ), Jido11, Kaiser48, Goda49 and Lacour50.

T. Nishi et al., 
Nature Phys. 
19 (2023) 788-793

Measurement of hadron spectrum 
at nuclear density is needed.
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optical potential of π-atom
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Vector meson in nuclei 5

Vector mesons decay into lepton pair. 
-> Avoid strong final state interaction with nucleus
Many theoretical calculations …

QCD sum rule

ρ, ω meson

φ meson

T. Hatsuda and S. H. Lee, 
Phys. Rev. C 46, R34 (1992)

M. Post and U. Mosel, Nucl. Phys. A 699 (2002) 169c-172c

Calculation from QCD sum rule

ρ meson in nuclear medium 
・Taking baryon resonances into account 
・Note that spectral modification may be 
　not just simple mass shift 
　and width broadening. 
　-> This effect is measurable 
　　 (Analysis needs to be updated)

2

the gross information on MV N can not be obtained from a more elementary model. The
results of such an analysis from Manley et al [10] indicate that resonances dominate πN
scattering. We therefore approximate MV N within a resonance model for both ρ and
ω meson. Experimental information then enters directly through the coupling constant
fRNV at the resonance vertex.
Let us point out the implications of resonance scattering on the spectral function.

Through the excitation of a resonance the vector meson can convert into a resonance-hole
state in the same manner as is well known from the pion Delta-hole model. The in-
medium spectral function therefore contains additional peaks corresponding to these new
states. From basic kinematical considerations it follows that their position moves down
to lower invariant masses with increasing momentum p of the vector meson relative to
nuclear matter, thus producing a momentum dependent spectral function. Note also, that
in nuclear matter transversely and longitudinally polarized vector mesons are modified
differently for p̸= 0.

3. Results for the ρ Meson

We turn now to the results for the ρ meson. We consider all resonances which have been
assigned a coupling to this channel in the analysis of Manley et al [10]. As it turns out, by
far the strongest coupling constants are obtained for some subthreshold resonances with
masses mR < mN + mρ ≈ 1.7 GeV [6,7]. The N ρ decay of these resonances is phase-
space suppresed and can only proceed via the low-mass tail of the ρ spectrum. Clearly, to
accomodate the extracted decay widths, large coupling constants are mandatory. For the
same reason we find the contribution from high lying resonanes in general to be negligible.
This means for the spectral function that a substantial amount of strength is relocated
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Figure 1. Left: Longitudinal spectral function of the ρ in nuclear matter as a function
of its invariant mass m and p . Right: same for the transverse spectral function.

to lower invariant masses, as is shown in figure 1. At low momenta both the transverse
and the longitudinal spectral function are dominated from the N⋆(1520) resonance which
has a N ρ decay width of about 25 MeV and, therefore, a large coupling constant fRNρ.
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!! e!e" spectrum in Au! Au collisions at
!!!!!!!!
sNN
p #

200 GeV [14]. Recently, the LEPS Collaboration reported
a possible "!N modification in-medium by measuring the
A dependence of the ! photoproduction yields in the
K!K" decay mode [15]. Thus far, no clear evidence for
the modification of the ! meson mass has been observed
in the above experiments. The result described in the
present Letter is the first positive signal of the ! meson
modification.

Detector elements relevant to our analysis are briefly
described as follows. For further details of the E325 spec-
trometer, see [16]. It comprises two arms with electron ID
counters and kaon ID counters that share a dipole magnet
and tracking devices. The typical acceptance in the labo-
ratory frame was 0:5< rapidity <2:0 and 1< #$< 3 for
e!e" pairs. In the present Letter, we report analysis results
with e!e"-triggered data collected in 2001 and 2002. A
primary proton beam with a typical intensity of 9 $7% & 108

per 1.8-sec spill in 2001 (2002) was delivered to targets
located at the center of the magnet. In order to observe the
nucleus-size dependence, we accumulated data by using
two types of targets, carbon and copper. In 2001, one
carbon and two copper targets were used simultaneously,
while in 2002, one carbon and four copper targets were
used simultaneously. The thickness of each copper target
was 73 mg=cm2 and that of the carbon target was
92 $184% mg=cm2 in 2001 (2002). They were aligned along
the beam axis and separated typically by 46 (23) mm in
2001 (2002).

To reproduce the observed invariant mass spectra, we
performed a detailed detector simulation using GEANT4
[17]. All the experimental effects that affect the invariant
mass spectrum, such as multiple scattering and energy loss
including the external Bremsstrahlung of particles, track-
ing performance with chamber resolution, and misalign-
ment of tracking devices, were considered. The effect of
internal radiative corrections was also taken into account
according to [18]. The mass resolution of !! e!e" was
estimated to be 10:7 MeV=c2.

We reconstructed the masses of the ! mesons from the
measured momenta of the e! and e". Figure 1 shows the
obtained invariant mass distributions. We divided the data
into three parts based on the #$ values of the observed
e!e" pairs, #$< 1:25, 1:25< #$< 1:75, and 1:75<
#$. We fitted each mass spectrum with a resonance shape
of!! e!e" and a quadratic background curve. For the!
meson resonance shape, we used the Breit-Wigner curve
M!$m% / 1='$m"m0%2 ! $!0=2%2( with pole mass m0 #
1019:456 MeV=c2 and decay width !0 # 4:26 MeV=c2

convoluted over the detector response in the simulation
according to the kinematical distributions of the ! mesons
in each #$ region. The kinematical distributions of the !
meson were obtained by the nuclear cascade code JAM
[19], which reproduced well the observed distributions as
shown in Fig. 2. The relative abundance of the ! mesons
N!, and the parameters of the quadratic background were

obtained from the fit. The fit region was from 0.85 to
1:2 GeV=c2. The carbon data were well reproduced by
the fit in all the #$ regions. On the other hand, the copper
data in the lowest #$ region contradicted the applied
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R. Muto, et. al., Phys. Rev. Lett., 98, 042501(2007)

!! e!e" spectrum in Au! Au collisions at
!!!!!!!!
sNN
p #

200 GeV [14]. Recently, the LEPS Collaboration reported
a possible "!N modification in-medium by measuring the
A dependence of the ! photoproduction yields in the
K!K" decay mode [15]. Thus far, no clear evidence for
the modification of the ! meson mass has been observed
in the above experiments. The result described in the
present Letter is the first positive signal of the ! meson
modification.

Detector elements relevant to our analysis are briefly
described as follows. For further details of the E325 spec-
trometer, see [16]. It comprises two arms with electron ID
counters and kaon ID counters that share a dipole magnet
and tracking devices. The typical acceptance in the labo-
ratory frame was 0:5< rapidity <2:0 and 1< #$< 3 for
e!e" pairs. In the present Letter, we report analysis results
with e!e"-triggered data collected in 2001 and 2002. A
primary proton beam with a typical intensity of 9 $7% & 108

per 1.8-sec spill in 2001 (2002) was delivered to targets
located at the center of the magnet. In order to observe the
nucleus-size dependence, we accumulated data by using
two types of targets, carbon and copper. In 2001, one
carbon and two copper targets were used simultaneously,
while in 2002, one carbon and four copper targets were
used simultaneously. The thickness of each copper target
was 73 mg=cm2 and that of the carbon target was
92 $184% mg=cm2 in 2001 (2002). They were aligned along
the beam axis and separated typically by 46 (23) mm in
2001 (2002).

To reproduce the observed invariant mass spectra, we
performed a detailed detector simulation using GEANT4
[17]. All the experimental effects that affect the invariant
mass spectrum, such as multiple scattering and energy loss
including the external Bremsstrahlung of particles, track-
ing performance with chamber resolution, and misalign-
ment of tracking devices, were considered. The effect of
internal radiative corrections was also taken into account
according to [18]. The mass resolution of !! e!e" was
estimated to be 10:7 MeV=c2.

We reconstructed the masses of the ! mesons from the
measured momenta of the e! and e". Figure 1 shows the
obtained invariant mass distributions. We divided the data
into three parts based on the #$ values of the observed
e!e" pairs, #$< 1:25, 1:25< #$< 1:75, and 1:75<
#$. We fitted each mass spectrum with a resonance shape
of!! e!e" and a quadratic background curve. For the!
meson resonance shape, we used the Breit-Wigner curve
M!$m% / 1='$m"m0%2 ! $!0=2%2( with pole mass m0 #
1019:456 MeV=c2 and decay width !0 # 4:26 MeV=c2

convoluted over the detector response in the simulation
according to the kinematical distributions of the ! mesons
in each #$ region. The kinematical distributions of the !
meson were obtained by the nuclear cascade code JAM
[19], which reproduced well the observed distributions as
shown in Fig. 2. The relative abundance of the ! mesons
N!, and the parameters of the quadratic background were

obtained from the fit. The fit region was from 0.85 to
1:2 GeV=c2. The carbon data were well reproduced by
the fit in all the #$ regions. On the other hand, the copper
data in the lowest #$ region contradicted the applied
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error bars represent the data. The solid lines represent the fit
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background. The dashed lines represent the background.
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!! e!e" spectrum in Au! Au collisions at
!!!!!!!!
sNN
p #

200 GeV [14]. Recently, the LEPS Collaboration reported
a possible "!N modification in-medium by measuring the
A dependence of the ! photoproduction yields in the
K!K" decay mode [15]. Thus far, no clear evidence for
the modification of the ! meson mass has been observed
in the above experiments. The result described in the
present Letter is the first positive signal of the ! meson
modification.

Detector elements relevant to our analysis are briefly
described as follows. For further details of the E325 spec-
trometer, see [16]. It comprises two arms with electron ID
counters and kaon ID counters that share a dipole magnet
and tracking devices. The typical acceptance in the labo-
ratory frame was 0:5< rapidity <2:0 and 1< #$< 3 for
e!e" pairs. In the present Letter, we report analysis results
with e!e"-triggered data collected in 2001 and 2002. A
primary proton beam with a typical intensity of 9 $7% & 108

per 1.8-sec spill in 2001 (2002) was delivered to targets
located at the center of the magnet. In order to observe the
nucleus-size dependence, we accumulated data by using
two types of targets, carbon and copper. In 2001, one
carbon and two copper targets were used simultaneously,
while in 2002, one carbon and four copper targets were
used simultaneously. The thickness of each copper target
was 73 mg=cm2 and that of the carbon target was
92 $184% mg=cm2 in 2001 (2002). They were aligned along
the beam axis and separated typically by 46 (23) mm in
2001 (2002).

To reproduce the observed invariant mass spectra, we
performed a detailed detector simulation using GEANT4
[17]. All the experimental effects that affect the invariant
mass spectrum, such as multiple scattering and energy loss
including the external Bremsstrahlung of particles, track-
ing performance with chamber resolution, and misalign-
ment of tracking devices, were considered. The effect of
internal radiative corrections was also taken into account
according to [18]. The mass resolution of !! e!e" was
estimated to be 10:7 MeV=c2.

We reconstructed the masses of the ! mesons from the
measured momenta of the e! and e". Figure 1 shows the
obtained invariant mass distributions. We divided the data
into three parts based on the #$ values of the observed
e!e" pairs, #$< 1:25, 1:25< #$< 1:75, and 1:75<
#$. We fitted each mass spectrum with a resonance shape
of!! e!e" and a quadratic background curve. For the!
meson resonance shape, we used the Breit-Wigner curve
M!$m% / 1='$m"m0%2 ! $!0=2%2( with pole mass m0 #
1019:456 MeV=c2 and decay width !0 # 4:26 MeV=c2

convoluted over the detector response in the simulation
according to the kinematical distributions of the ! mesons
in each #$ region. The kinematical distributions of the !
meson were obtained by the nuclear cascade code JAM
[19], which reproduced well the observed distributions as
shown in Fig. 2. The relative abundance of the ! mesons
N!, and the parameters of the quadratic background were

obtained from the fit. The fit region was from 0.85 to
1:2 GeV=c2. The carbon data were well reproduced by
the fit in all the #$ regions. On the other hand, the copper
data in the lowest #$ region contradicted the applied
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error bars represent the data. The solid lines represent the fit
results with an expected !! e!e" shape and a quadratic
background. The dashed lines represent the background.
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4.4. EVALUATION OF THE NUMBER OF THE EXCESS 95

Nex Nφ Nex/(Nex+Nφ)
βγ< 1.25 6 ± 17+7

−6 257 ± 26+6
−7 0.02 ± 0.06+0.02

−0.01

C 1.25 <βγ< 1.75 −4 ± 26+10
−12 547 ± 41+13

−15 −0.01 ± 0.05+0.02
−0.01

1.75 <βγ 39 ± 42+22
−25 1076 ± 64+12

−15 0.04 ± 0.04+0.02
−0.01

βγ< 1.25 133 ± 28+5
−12 464 ± 38+6

−5 0.22 ± 0.04+0.01
−0.01

Cu 1.25 <βγ< 1.75 35 ± 33+9
−12 588 ± 47+14

−8 0.06 ± 0.05+0.01
−0.01

1.75 <βγ 21 ± 48+25
−29 1367 ± 72+24

−27 0.02 ± 0.03+0.02
−0.01

Table 4.3: Numbers of φ meson [Nφ] and excess [Nex] evaluated by the fits excluding
the excess region (see text). Error values are statistical (first) and systematic (second).

0

0.1

0.2

0.3

1 1.5 2 2.5 3
βγ

N
ex

 /(
N

ex
+N

φ)

Cu Data

C  Data

Figure 4.13: The βγ dependence of Nex/(Nφ + Nex). Points represent the data de-
scribed in Section 4.4. The brackets indicate the systematic errors evaluated in the
Section 4.4.1. The vertical error bars indicate the statistical errors and horizontal error
bars indicate the standard deviations of the βγ distribution in each βγ bin.
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Significant Spectral modification was observed 
in samples with the highest probability of decay in nuclei.

Velocity

Excess ratio: Nexcess / (Nexcess + Nφ)

Highest probability of decaying into nuclei



Parameterize spectral modification with mass shift and width broadening 

 

 

The flight length of φ is longer than the radius of nuclei. 
-> φ decays at various densities, from nuclear density to vacuum (not only 0 or ρ0). 

・Simulate densities at φ meson decays 
・Fit experimental data with simulated spectrum 
for various k1 and k2.

m(ρ) = (1 − k1
ρ
ρ0

)m0

Γ(ρ) = (1 + k2
ρ
ρ0

)Γ0

Previous analysis 9
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Figure 4.16: Woods-Saxon distributions for the nuclear density profile used in the
model calculation. The solid line for the copper nuclei, and the dashed line for carbon
nuclei.

when ktot
2 = 0.

In the model calculation we considered that φ mesons were generated in the target
nucleus according to the nuclear density profile. This is reasonable because we mea-
sured the mass-number dependence of the φ meson production cross section almost
as σ(A) ∝ A1 [49]. Generated φ mesons were traced until the decay point with the
modified pole mass and the decay width according to the nuclear density distribution.
The decay probability increased in the nucleus due to the width broadening. We used
the Woods-Saxon distribution for the nuclear density distribution, which is shown in
Figure 4.16 as a function of the radial coordinate r with the equation of ;

ρ/ρ0(r) =
N

1 + exp( r−R
τ )

,

where R = 4.1(2.3) fm, τ = 0.50(0.57) fm and N = 1.2(0.9) for the copper(carbon)
target. Here, R is the half density radius of the nucleus and the surface thickness t is
related to τ as t = 4 × ln(3) × τ = 4.4 × τ [50]. The values for R and t for copper are
given from the data of the p-A scattering [50] and an approximation R = 1.02 × A1/3

and t = 2.5 is used for carbon. The normalization factor N was determined to satisfy
that the volume integral of these distribution is equal to the mass number of carbon
or copper.

We modified the Breit-Wigner shape of the φ meson with the parameters k1 and
ktot

2 . Then we performed the simulation to take into account the internal radiative
corrections and the detector effects. Figure 4.17 and 4.18 show the simulated mass
shapes with typical model parameters of k1 and ktot

2 in the cases (i) and (ii). The
in-medium modification of φ meson makes the tail component in the excess region. In
the case (i), the amount of the tail increases with ktot

2 , especially in the copper target
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Woods-Saxon distribution

Radius

Density



Previous analysis 10

Production point of φ 
　・Follows Woods-Saxon distribution 

Momentum of φ 
　・Measured experimentally 
　・Well reproduced by JAM 
　　JAM: hadronic cascade model 

Density distribution after pA reaction 
　・Follows Woods-Saxon distribution

m(ρ) = (1 - 0.034 x ρ/ρ0) x m0 

Γ(ρ) = (1 + 2.6 x ρ/ρ0) x Γ0

4.6. COMPARISON WITH ρ AND ω MESONS 105
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Figure 4.20: The same invariant mass spectra of e+e− pairs as Figure 4.11, with the
best fit results for the case (i) (kee

2 = ktot
2 , red line) and (ii) (kee

2 = 0, black line).
The solid lines represent the fit results with the modified mass shape and a quadratic
background. The dashed lines represent the background curve. The shift parameter
k1 and broadening parameters ktot

2 and kee
2 are common to the six spectra in each case.

The values of χ2’s shown in each panel are the sum of the squares of the deviations
over 54 data points for the case (i) and (ii) in each spectrum.
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Figure 4.19: Confidence ellipsoids for the modification parameters k1 and ktot
2 . The

upper and lower panel corresponds to the case (i): kee
2 = ktot

2 and (ii): kee
2 = 0,

respectively. In each panel, the ∆χ2s denote differences from the minimum χ2 in the
case (i), whose location is shown by the cross in the panel (a). The best fit point in
case (ii) is shown by the closed circle in the panel (b), and it is also plotted in (a) since
the parameter spaces in both ordinates are common to both figures, i.e. kee

2 = ktot
2 =

0.
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Sum of χ2 of the 6 spectrums (regarding minimum value as 0)



Space time evolution of nucleon distribution after the pA reaction may exist. 
-> The density that φ feel at decay is non-trivial.

In what density does φ decay? 11

? ?
4.5. THEORETICAL INTERPRETATION 99
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Figure 4.16: Woods-Saxon distributions for the nuclear density profile used in the
model calculation. The solid line for the copper nuclei, and the dashed line for carbon
nuclei.

when ktot
2 = 0.

In the model calculation we considered that φ mesons were generated in the target
nucleus according to the nuclear density profile. This is reasonable because we mea-
sured the mass-number dependence of the φ meson production cross section almost
as σ(A) ∝ A1 [49]. Generated φ mesons were traced until the decay point with the
modified pole mass and the decay width according to the nuclear density distribution.
The decay probability increased in the nucleus due to the width broadening. We used
the Woods-Saxon distribution for the nuclear density distribution, which is shown in
Figure 4.16 as a function of the radial coordinate r with the equation of ;

ρ/ρ0(r) =
N

1 + exp( r−R
τ )

,

where R = 4.1(2.3) fm, τ = 0.50(0.57) fm and N = 1.2(0.9) for the copper(carbon)
target. Here, R is the half density radius of the nucleus and the surface thickness t is
related to τ as t = 4 × ln(3) × τ = 4.4 × τ [50]. The values for R and t for copper are
given from the data of the p-A scattering [50] and an approximation R = 1.02 × A1/3

and t = 2.5 is used for carbon. The normalization factor N was determined to satisfy
that the volume integral of these distribution is equal to the mass number of carbon
or copper.

We modified the Breit-Wigner shape of the φ meson with the parameters k1 and
ktot

2 . Then we performed the simulation to take into account the internal radiative
corrections and the detector effects. Figure 4.17 and 4.18 show the simulated mass
shapes with typical model parameters of k1 and ktot

2 in the cases (i) and (ii). The
in-medium modification of φ meson makes the tail component in the excess region. In
the case (i), the amount of the tail increases with ktot

2 , especially in the copper target
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PHSD transport approach



New approach using PHSD 13

Parton-Hadron-String Dynamics (PHSD) transport approach 
・A microscopic covariant dynamical approach 
　for strongly interacting systems in and out-of equilibrium 

・Simulate the time evolution of φ, nucleons and other hadrons 
　during the pA reaction. 

・Treat nuclei as nucleons interacting with φ and other hadrons 
　<-> previous analysis: just an external field 

・Consider spectral modification in time evolution. 

-> More accurate information on 
　・the production point of φ 
　・the density distribution after pA reaction 
　can be obtained.



Analysis method 14

・Make spectra that can be compared with experimental data. 
　・Make data of φ by PHSD (various mass shift and broadening parameters) 
　・Add internal radiative correction (IRC) by PHOTOS 
　・Decay Isotropically 
　・Simulate tracks of e+e- by Geant4 
　・Add detector resolution and efficiency 
　・Fit tracks from detector responses 
　・Reconstruct spectrum

Detail: 
-> Nakai-san’s talk



Time integration method 15

Simple method

Time integration method

In PHSD, to increase statistics efficiently, time integration method is used.

1 event/phi

Δt Δt

p(ee decay) 
(m0, p0)

generate decay
～ ～

Δt

p(ee decay) 
(m1, p1)

p(ee decay) 
(mN-1, pN-1)

φ

p(ee decay) 
(mN, pN)

N events/phi 
(※Correlation exists)

・Decay into e+e- ”virtually” at each time step 
・Treated with weights for the probability of  e+e- decay 

e+e- decay probability in PHSD =  ~     1 − exp(−
ΓeeΔt

ℏγ
)

ΓeeΔt
ℏγ

(Γee ∝
m4

pole

m3
)

decay

(m, p)

generate

～ ～φ



Time evolution with spectral modification 16

・For each of the 51 density (0, 0.06ρ0, …, 3ρ0), 
　cumulative distribution functions (CDF) of relativistic Breit-Wigner are calculated 
　and the values are stored for each mass of 0.4 MeV/c2. 

　BW:  

　 ,  

　(k1: shift parameter, 
　 k2: broadening parameter) 

・φ moves and interacts every time step. 

・If the density difference from the last mass change is >0.06ρ0, 
　mass is re-calculated so that the cumulative probability 
　matches the one of previous mass in the previous CDF. 
　Energy is conserved and momentum is re-calculated.

A(m, ρ) =
2
π

m2Γ
1

(m2 − m2
pole)2 + Γ2m2

mpole(ρ) =
m0

1 + k1

1 − k1

ρ
ρ0

Γ(ρ) = (1 + k2
ρ
ρ0

)Γ0

mold

mnew

CDF of some densities
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Elementary output of PHSD
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φ production: creation process 18

KK

BB string

mB string

NN -> φNN (string)

πB

12 GeV p + Cu 
・string: ~90 % 
・KK: ~5 % 
・πB: ~5 %
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φ production 19

KK -> φ process occurs at 
・Late timing 
・Far from center of nucleus 
・Low density

Collision timing
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 Woods-Saxon in PHSD× 2rπ 4∝

labCreation r
production point of φ 20

Woods-Saxon distribution:  

Parameters for Cu 
・Muto’s paper: R = 4.1, τ = 0.5, Nρ0 = 0.2016 
　from Nucl. Phys. B21 (1970) 135-157 
・PHSD: R = 4.25675, τ = 0.5977, Nρ0 ~0.166 
（Nρ0 is a fit parameter in this figure）

ρ(r) =
N

1 + exp r − R
τ

ρ0

・Production point distribution of φ largely follows Woods-Saxon distribution. 
・The parameters of WS are different between Muto’s analysis and PHSD.



Time evolution of nucleons 21

before collision 10 fm/c 
(7 fm/c after collision)

25 fm/c

Spacial distribution of baryon density (coordinate: lab system, density: CM system)

z (beam axis)

x, y axis

color: log scale

15 fm/c

50 fm/c

After the collision, some nucleons are stripped along the beam axis 
and then the nucleus is spread out in all directions?

preliminary
35 fm/c



Time evolution of nucleons 22
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preliminary
・The central density gradually decreases and the distribution broadens. 
・The initial state differs significantly from the WS in the Muto’s paper. 
　<- Mainly due to the difference of WS parameters 
・Time evolution of nucleus cannot be ignored.
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・Fitted with a Gaussian. 
・Horizontally shifted so that the center is 0.
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Application of PHSD to KEK-PS E325



Internal radiative correction (IRC) 24

4.2. EXPECTED MASS SHAPE FOR IN-VACUUM DECAY OF φ MESONS 83
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Figure 4.3: Feynman diagram for the internal bremsstrahlung in V → e+e− decays.
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Figure 4.4: Feynman diagrams for the virtual radiative corrections. The left and
right figures represent the vertex correction term and the vacuum polarization term,
respectively.
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・The following physical processes distort invariant mass spectrum of e+e-. 
・Using PHOTOS, we evaluate the effects on the φ decays in the PHSD output. 
　・PHOTOS: Monte-Carlo for QED radiative correction
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Internal bremsstrahlung

vertex correction vacuum polarization



Internal radiative correction (IRC) 25

These effects resemble reduced mass scenario.

log scale



Experimental effects 26
・Energy loss of e+e- 
　・External radiative correction 
　・Bethe-Bloch 
　-> Decrease measured φ mass. 
・Position resolution of detectors 
　-> Wider width of measured φ mass 
Using Geant4 to incorporate these effects. 
Geant4: Monte-Carlo simulation of the passage of particles through matter

log scale



Momentum distribution 2711
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Figure 4.7: Kinematical distributions of e+e− pairs in the φ mass region from 0.95
to 1.05GeV/c2, as functions of (a) βγ , (b) rapidity, (c) transverse momentum, and
(d) transverse momentum versus rapidity. The closed circles represent the real data
and the histograms represent the simulation results obtained by using JAM and the

βγ Rapidity

Rapidity：pTpT

　：Experiment 
　：Previous simulation 
　：Current simulation

The momentum distribution of the current analysis (PHSD + PHOTOS + Geant4) 
almost reproduces that of the experiment.

Work in Progress Work in Progress

Work in Progress Work in Progress



Current status 28

Black: Experiment 
Green: Simulated φ spectrum 
　　　  (PHSD + PHOTOS + Geant4) 
Blue: Back ground (quadratic formula) 
Red: Fit function (green + blue)

Methods for comparing PHSD with experiment is established. 
All that remains is to increase the statistics of simulation.

Work in Progress

Cu, βγ <1.25



Estimation of statistical requirement 29
・Based data (m, weight): PHSD + experimental effect 
・Mass and weight are taken from the based data 
　randomly and independently each other and make spectrum. 
・Fit experimental data by the spectrum every 10,000 events and plot χ2 

・Repeat the above operation 5 times and compare each χ2
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Statistics of simulation 30

・Considering the detector acceptances of the E325 experiment 
　for the momentum distribution obtained from PHSD, 
　the statistics become ~10%. 
・In PHSD, it is necessary to simulate pA reaction and φ production 
　for each shift and broad parameter (unlike the previous analysis). 

-> Need 1.5k cores and 9 months (for 30 parameters, current expectation) 
    CPU: Intel Xeon Max 9480 (1.9 GHz)

4.5. THEORETICAL INTERPRETATION 103
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Figure 4.19: Confidence ellipsoids for the modification parameters k1 and ktot
2 . The

upper and lower panel corresponds to the case (i): kee
2 = ktot

2 and (ii): kee
2 = 0,

respectively. In each panel, the ∆χ2s denote differences from the minimum χ2 in the
case (i), whose location is shown by the cross in the panel (a). The best fit point in
case (ii) is shown by the closed circle in the panel (b), and it is also plotted in (a) since
the parameter spaces in both ordinates are common to both figures, i.e. kee

2 = ktot
2 =

0.
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Attempt to reduce required statistics 31

・To reduce statistical requirements, we try adding shift and broadening parameter 
　after PHSD. 

・If it works, only two data sets (one for the base and one for the reference) 
　are needed and the required statistics are reduced by 1/15. 

・Using momentum and density distribution 
　and modify mass by the method same as PHSD.

black: modify mass inside PHSD 
red: modify mass outside PHSD

ρ < 0.05

0.17 < ρ < 0.17

Work in
 prog

ress

Statistics is insufficient, but systematic difference exists.



Summary 32

・Motivation 
　・Measurement of spectral modification in an environment 
　　where chiral symmetry is partially restored. 

・KEK-PS E325 experiment 
　・p + A -> (ρ, ω, φ) + X, (ρ, ω, φ) -> e+e- 
　・Significant spectral modifications in nuclear medium were observed. 
　・By considering the density distribution after the pA reaction as Woods-Saxon, 
　　・Mass shift: -3.4% 
　　・Width broadening: 3.6 times 

・PHSD 
　・New approach to obtain more accurate information on 
　　・the production point of φ 
　　・the density distribution after pA reaction 
　・These effects cannot be ignored. 
　・Large statistics is needed to decide the best fitting parameters. 

Methods for comparing PHSD with experiment is established.


